Convective drying of wastewater sludges and sawdust/sludge mixtures was studied. The first part of this work was an experimental study performed in a cross-flow convective dryer using 500 g of wet material extruded through a disk with circular dies of 12 mm. The results showed that the sawdust addition has a positive impact on the drying process from a mass ratio of 2/8, on a dry basis, with observed drying rates higher than the original sludge. The second part of this work consisted of developing a drying model in order to identify the internal diffusion coefficient and convective mass transfer coefficient from the experimental data. A comparison was made between fitted drying curves, well represented by the Newton's model, and the analytical solutions of the diffusion equation applied to a finite cylinder. Variations of dimensional characteristics, such as the volume and exchange surface of the sample bed, were obtained by X-ray tomography. This technique allowed us to confirm that shrinkage, which is an important phenomenon occurring during sludge and sawdust/sludge mixture drying, must be taken into account. The results showed that both the internal diffusion coefficient and convective mass transfer coefficient were affected by mixing and sawdust addition. The internal diffusion coefficient changed from 7.77 Â 10 À9 m 2 /s for the original sludge to 7.01 Â 10 À9 m 2 /s for the mixed sludge and then increased to 8.35 Â 10 À9 m 2 /s for the mixture of a mass ratio of 4/6. The convective mass transfer coefficient changed from 9.70 Â 10 À8 m/s for the original sludge to 8.67 Â 10 À8 m/s for the mixed sludge and then increased to 12.09 Â 10 À8 m/s for the mixture of a mass ratio of 4/6. These results confirmed that sawdust addition was beneficial to the sludge drying process as the mass transfer efficiency between the air and material increased. Reinforcing the texture of sludge by adding sawdust can increase the drying rate and decrease the drying time, and then the heat energy supply will be reduced significantly. The study also showed that neglecting shrinkage phenomenon resulted in an overestimation for the internal diffusion coefficient for the convective drying of sludges and sawdust/sludge mixtures.
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INTRODUCTION
Due to the increased water demand of the world's population, together with stringent requirements for discharge into the natural environment, the quantity of sludge generated from wastewater treatment plants (WWTPs) is continuously increasing. For example, roughly 9.18 million tons of dry solid sludge is produced in China per year, [1, 2] around 5.4 million tons in the United States, [2, 3] and more than 11.5 million tons in Europe. [2] Sludge may contain not only organic and inorganic matter, but also bacteria and viruses, oil and grease, nutrients such as nitrogen and phosphorus, heavy metals, and organochlorine compounds. [4] Hence, sludge valorization has become an important issue. Because the sludge still contains more than 95% of water at the outlet of thickeners within wastewater treatment plants, it is necessary to reduce the moisture content. It is difficult to achieve more than 20-30% dry solid contents using classical mechanical dewatering techniques (belt filters, press filters, centrifuges), and thermal drying has become a necessary step before sludge valorization. [5] However, because of the soft and pasty form of the sludge, thermal drying can be difficult when using technologies requiring an extrusion of feed. Due to the poor stiffness of the sludge, the developed exchange area is rather small, also giving low drying rates. In this work, sawdust addition was proposed as a way of reinforcing the texture of soft and pasty sludge, which is difficult to dry. Reinforcing the texture of sludge can increase the drying rate and decrease the drying time, and then the heat energy supply and operation cost will be reduced significantly. Besides the improvement of drying kinetics, sawdust also brings organic matter, which is useful for further gasification or combustion processes. Hence, it makes sense for sludges that are difficult to dry because they are pasty. Sawdust is produced in large quantities by the forest industry and also needs safe disposal solutions. [6] Sawdust is normally applied in the manufacture of compressed biofuels or for making compressed wood boards, [7] but new applications should be explored. A mixing machine will be added to the typical industrial sludge drying set-up, which consists of a belt dryer and sludge extruder. Sawdust=sludge mixtures are extruded and then dried in the belt dryer. The investment cost will slightly increase because of the addition of the mixing machine. However, as mentioned earlier, the operation cost will be reduced significantly because of the reduction of the drying time; thus, the overall cost will be reduced.
Both heat and mass transfer problems are complicated during sludge drying due to their complicated structures, but they are necessary and useful for industries. For sawdust=sludge mixtures, the inner structure will be even more complex. In addition, their thermal and physical properties change because of shrinkage. Reyes et al. [8] determined the water diffusion coefficient during wastewater sludge drying by comparing experimental data and an analytical solution of the diffusion equation. [9] However, the problem was simplified by considering an infinite length in opposition to thickness. Font et al. [10] also determined the diffusion coefficient during sewage sludge drying. They added the skin effect, a gradient of moisture inside the particle, in their mathematical formulation represented by correcting factors. Bennamoun et al. [5] introduced the shrinkage effect in mathematical modeling for convective drying of wastewater sludge. A comparison between two calculations, with shrinkage and without shrinkage, showed that neglecting shrinkage leads to an overestimation of the diffusion coefficient by almost a factor of 2. In their work, the volume and surface of the sludge bed were estimated from sludge density, based on the extrusion diameter and initial mass of one extruded particle forming the sludge bed, and making some assumptions about the length of extrudates.
In this context, the present work aims to investigate the shrinkage effect on the internal diffusion coefficient and mass transfer coefficient for convective drying of sewage sludges and sawdust=sludge mixtures. Shrinkage and subsequent crack formation are important phenomena in sludge drying because the sample loses its moisture and exhibits volumetric reduction, and then the internal stresses exceed the tensile strength. [11] [12] [13] [14] [15] First, mathematical modeling for determination of diffusion coefficients was established and convective drying experiments of sludges and sawdust=sludge mixtures were done. X-ray tomography, a non-destructive imaging technique, is used to get the volume, surface, and porosity of the sample bed directly. The utilization of X-ray tomography allowed us to follow the changes that take place in the texture, [16] [17] [18] cracking, [11, 19, 20] surface, [21] and volume and shrinkage. [11, 20, 22] The diffusion coefficients and convective mass transfer coefficients, with and without considering shrinkage, were determined for sludges and sawdust=sludge mixtures using the volume and exchange surface obtained from X-ray tomography. Finally, the mass transfer processes of different samples were compared and the influence of sawdust addition on convective drying of sludges and sawdust= sludge mixtures was analyzed.
MATERIALS AND METHODS Materials
Sludge was collected after the mechanical dewatering step in one WWTP located near the University of Liège (Grosses Battes, Belgium). The initial moisture content was determined according to standard methods [23] and the value was around 85.5% (wet basis). Before drying, the sludge was stored at a temperature of 4 C to keep drying properties the same during storage. [24] Table 1 gives some physical and chemical characteristics of the sludge used.
Pine sawdust was collected from a wood pellet factory (''Industrie du bois,'' Vielsalm, Belgium) and the initial moisture content (wet basis) was around 30%. Table 2 gives the size distribution of the sawdust used.
In this article, the drying behavior of several samples was tested: the original sludge, the mixed sludge (the original sludge after mixing without sawdust), and some mixtures (the original sludge after mixing with sawdust). A kitchen machine (KM1000, PROline) with a beater was used to prepare the mixed sludge and mixtures. The mass ratios (expressed on a dry matter basis for both the sludge and sawdust) of sawdust=sludge were 1=9, 2=8, 3=7, and 4=6. Sludge and sawdust were mixed during 30 s at 40 rpm because longer mixing time and higher mixing velocity will decrease the rigidity of sludge extrudates and the drying rate. The same protocol was used to mix the original sludge without any sawdust addition. Samples were then extruded through a disk with circular dies of 12 mm before drying, forming a bed of extrudates on the dryer-perforated grid. The weight of the bed of extrudates was fixed at 500 g in all experiments.
Methods

Pilot-Scale Dryer
The drying experiments were carried out in a discontinuous pilot-scale dryer reproducing most of the operating conditions prevailing in a full-scale continuous belt dryer, as shown in Fig. 1 . A fan (a) draws in ambient air and then the air is heated up to the required temperature by a set of electrical resistances (b). If needed, the air is humidified just after heating by adding vapor from a vapor generator. Hot air flows through the bed of sludge extrudates (c), which lies on a perforated grid (d) linked to scales (e). The inner diameter of the sample holder is 160 mm. Three operating parameters may be controlled: air temperature, superficial velocity, and humidity. In this study, the temperature was 80 C, with air velocity fixed at 2 m=s. No additional air humidification was carried out. During the whole study, the ambient air humidity was close to 0.004 kg water =kg dry air . Drying experiments include continuous experiments and intermittent experiments. For continuous drying experiments, the sample was continuously weighed during the drying test until the weight reached a constant and its mass was recorded every 10 s. For intermittent drying experiments, the sample was taken out several times (7 min, 15 min, 22 min, 30 min, 45 min, 60 min, 90 min, 120 min, and 150 min) in order to perform the X-ray tomography experiments. The mass of each sample inside the dryer was recorded every 10 s as well.
X-Ray Tomography
X-ray tomography was used to determine the influence of sawdust addition on structures of beds of extrudates. This non-invasive technique, originally developed for medical applications, allows for obtaining 2D cross-sections and 3D images of the bed. The volume, bed porosity, and total exchange surface available for heat and mass transfer were determined by the image analysis of tomographic images.
The X-ray tomographic device used in this paper was a high-energy X-ray tomograph, first presented by Toye et al. [25] The generator is a Baltograph CS450A (Balteau NDT, Belgium), which may be operated between 30 and 420 kV. The X-ray source is an oil-cooled, bipolar TSD420=0 tube (Comet and Balteau NDT), whose intensity may be varied between 2 and 8 mA, depending on the voltage used. A lead collimator produces a 1-mm-thick fan beam. The detector is an X-Scan 0.4f2-512-HE, manufactured by Detection Technology (Finland). This detector consists of a linear array of 1280 photodiodes, each coupled with a CdWO4 scintillator. The mechanical rig, designed by Pro Actis, Belgium, consists of two parts: a source-detector arm and a rotating table on which the object to be scanned is fixed. This arm is embedded in a carriage that slides on two vertical high-precision machined rails. The rig allows vertical movement up to 3780 mm, keeping vertical and horizontal errors within 1 mm. The maximum diameter of the sample that can be tested is 0.45 m.
The extrudates bed to be scanned is put on the turntable, whose rotation is obtained by a synchronous motor equipped with a frequency validator which is supervised by the data acquisition system. Once the sample is put on the turntable, projections of several slices of the bed are recorded around 360 . Reconstruction of cross-sections was obtained by a classical, linear back-projection algorithm adapted to the fan beam geometry implemented in the Fourier domain. The 3D image was obtained by stacking 2D reconstructed cross-sections.
In our experiments, the energy of the source was 420 kV and 3.5 mA, the pixel size of the image was 0.36 mm, and the distance between two slices was 4.4 mm.
Image Analysis
Gray-level images provided by X-ray tomography are formed by two phases: the void at low gray levels (dark pixels) and sludge extrudates at high gray levels (bright pixels). A circular mask, corresponding to the inner diameter of the drying chamber, was first constructed to isolate the sludge bed from the background. Then binarization (i.e., assigning the value 1 to pixels belonging to the sludge and the value 0 to the pixel belonging to the voids) was performed following Otsu's method. [26] The object volume was the total volume of binarized objects within the volume-of-interest (VOI) and the calculation method was the number of voxels of binarized solid objects in the VOI times the voxel volume.
The calculation method of the total exchange surface was the total perimeter of the air=solid interface in 2D images (i.e., the pixel edges shared by void and solid pixels) times the distance between two slices.
All of these operations were implemented in Matlab (Matworks), using the image analysis toolbox version 6.0.
Mathematical Model Empirical Models
At first, the drying curves can be expressed by semi-theoretical and theoretical thin drying models. The models are as follows:
Newton's model [27] 
Page's model [28] 
Henderson and Pabis' model [29] 
Logarithmic's model [30] 
Wang and Singh's model [31] 
The dimensionless moisture content X Ã is given by the following equation:
The illegibility of the models were confirmed by calculating the correlation coefficient (R 2 ), the reduced chi-square (v 2 ), the mean bias error (MBE), and the root mean square error (RMSE). The last three criteria were represented statistically by the following equations:
Fick's Second Law For describing the drying process during the decreasing rate period, the concept of effective moisture diffusivity (D eff ) has been accepted as the basic mechanism of the moisture movement inside the drying material. [5, 8, 9] According to Fick's second law, the governing equations for transient mass transfer in slab-and cylinder-shaped solid objects are given as follows [9, 32] : Slab (in Cartesian coordinates x, y, z)
Cylinder (in cylindrical coordinates r, h, z)
Solutions for Eqs. (10) and (11) in three dimensions for different boundary conditions are complicated and can be found in the literature. [9, 32] However, the transient transfer in infinite slabs and cylinders can be approached as a one-dimensional problem leading to the simplification of the complex problem. Then, solutions for an infinite cylinder (as a two-dimensional problem in r and z) and an infinite slab (as a three-dimensional problem in x, y, and z) can be derived. [33] For analytical solutions, the initial condition of uniform temperature=mass distribution and third kind of boundary conditions are used.
The initial condition is:
The boundary conditions are:
In our investigation, the experimental moisture content of the sample is obtained as the mean value during drying. The volume mean moisture content of the cylinder and slab can be obtained by integrating the solution of analytical equation in the form of infinite series of dimensionless CONVECTIVE DRYING OF SAWDUST=SLUDGE MIXTURES moisture distribution within the sample over the whole volume. In addition, the infinite series solutions may normally be approximated by the first term of the series. [5, 8, 34, 35] The final solutions for dimensionless mean moisture contents for infinite cylinder and infinite slab are given as:
For an infinite cylinder
Here, k 1 is given by:
For an infinite slab
In this study, we suppose that moisture diffusion occurs in two-dimensional isotropic directions (r and z directions). [11, 36] It is not possible to use the infinite approach because the radius is near to the height of the product. We adopted an approach called a superimposition technique, [33, 35, 37] which consists of providing the solution as the product of two infinite analytical solutions. Therefore, mathematically, we can write:
This equation is a function of the Fourier number (F o ), which is equal to
The parameter d represents the half-thickness for an infinite slab, radius for an infinite cylinder, characteristic dimension for a finite geometry, which is equal to
A simplified approach can be used to predict the drying kinetics for the falling rate period of drying between initial and mean moisture content at time t. Newton's model is a semi-theoretical equation and it is the most adapted approach to compare the results with those of the diffusion model.
A comparison between Newton's model (Eq. (1)) and analytical solutions (Eq. (19)) allowed calculation of the diffusion coefficient using the following equation, as presented by Tripathy and Kumar [34] :
The (19) . The convective mass transfer can then easily be deduced using
It is clear by the mean of the two last equations that the coefficients D eff and h m depend on d, presented as a function of the product dimensions (Eq. (21)), so a change in this parameter, such as during shrinkage, has a direct influence on calculation of D eff and h m .
As mentioned in the introduction, this study takes shrinkage into account. Its introduction during the modeling steps and calculation of variations in the characteristic dimension (d) are explained as follows.
Shrinkage is a phenomenon that takes place during drying, especially sludge drying, with an important decrease in the volume and characteristic dimensions. However, shrinkage is neglected in some studies dealing with sludge modeling. Shrinkage is represented as follows:
In this study, shrinkage was considered through calculation of variations in the different physical parameters, such as the volume and exchange surface, during drying. The characteristic dimension (d), which calculated by volume=surface is expressed as a function of the product's moisture content as follows:
RESULTS AND DISCUSSION Drying Kinetics
The results of drying rate vs. normalized moisture content (X=X 0 ) related to six different samples (sludges and mixtures) are presented in Fig. 2 . The shape of drying rate curves is typical of that described by Léonard et al. [21] and Deng et al. [38] for the convective drying of sludge. As can be seen, the drying rate of the mixed sludge is slower than the original sludge during most of the drying process. Nevertheless, sawdust addition is shown to have a positive impact on the drying process from a mass ratio of 2=8, with observed drying rates in Fig. 2 higher than the original sludge. As explained before, [39] the change of the drying rate is because the total exchange surface decreased after the mixing step but increased with higher sawdust addition. Figure 3 shows an example of the 2D cross-section image and 3D image of the original sludge before drying. Using image analysis, the volume and total exchange surface can be obtained through X-ray tomographic investigation. The obtained total exchange surface evolution can then be used to estimate the drying flux by dividing the drying rate by the calculated value. Figure 4 shows the results of drying flux vs. X=X 0 related to six different samples. The maximum drying fluxes are almost the same and the values are all between 0.81 and 1.05 g=(m 2 Á s). Moreover, the constant drying flux period is very short and the drying falling flux period is dominant.
In accordance with the convective drying theory and the results of drying flux, three periods can be identified [5, 38] :
The preheating period exists which represents a period of adaptation of the sample to the drying conditions. During this period, the drying rate increased considerably. The next period observed is the constant drying flux period. This period is very short in the experiments. During this constant rate period, the evaporation takes place at the surface of the wet solid, and the solid assumes a constant equilibrium temperature, just as a free liquid surface is maintained at the wet-bulb temperature of the air. [40] As explained by Deng et al., [38] the evaporated water in this period is free water. The last period has a long falling drying flux, which can be divided into two parts, following Deng et al. [38] ; the water removed in the first part is interstitial water and in the second part is surface water.
In order to compare the drying kinetics of different samples, some drying characteristics, including the total amount of evaporated water, normalized amount of water, drying time, average drying rate, and normalized drying rate, are shown in Table 3 . The drying time increases and the average drying rate decreases after the sludge is mixed. With a higher sawdust addition, the total amount of water and drying time decrease, but the average drying rate increases. The positive effect of sawdust addition is clearly observed: the drying rate generally increases with increasing the addition of sawdust, while the initial water content decreases as well as the total amount of water to be removed. Indeed, the same mass is introduced for each experiment.
For describing the drying kinetics of sludges and sawdust=sludge mixtures, some drying models were used to fit the drying curves. As mentioned earlier, the falling drying rate period dominates the drying process. These drying models are usually represented by the equation in terms of drying parameters to characterize the changes of mean moisture content during drying. The typical semi-theoretical and theoretical drying models are shown in Eqs. (1)- (5), and Curve Expert software 2.0 was used to achieve the curve fitting. Table 4 presents selected results obtained for the models. Except for the Wang and Singh's model, the fitting results are all good. The correlation coefficients (R 2 ) are all high and near 1 and the reduced chi-squares (v 2 ), mean bias errors (MBE), and root mean square errors (RMSE) are all small. It also can be observed that the Page's model has the highest value of R 2 and the Logarithmic's model has the lowest values of v 2 , MBE, and RMSE.
Shrinkage
Neglecting the shrinkage effect will bring errors in the determination of mass transfer coefficients. In order to get the evolution of both the volume and surface with the moisture content, intermittent drying experiments were done. To do so, the sample was taken out several times during the course of drying and submitted to X-ray tomography investigation. Figure 5 shows the results of volume shrinkage vs. X=X 0 obtained by using this method. The volumes of sludge decrease nearly linearly with the decreased normalized moisture content for the original sludge and mixed sludge. During the main part of the drying process for the mixtures, the volumes of sawdust=sludge decrease linearly with the normalized moisture content, and then reach a constant value. For sludges, the final volume is nearly 20% of the initial volume and it is in agreement with the results of Léonard et al. [18, 41] For sawdust=sludge mixtures, the final shrinkage measured at the end of the drying process becomes smaller with increasing the sawdust, but it remains important. This shrinkage reduction is due to the sawdust that braces the structure of the sample during drying. For example, the final volume is around 50% of the initial volume when the mass ratio of sawdust=sludge is 4=6. Hence, for the analysis of the mass transfer coefficient of sawdust=sludge mixtures, shrinkage cannot be ignored.
Using the same data, the volume=surface d vs. X=X 0 was obtained and the results are shown in Fig. 6 . The values of Table 5 . In fact, for the mixtures, especially with higher sawdust addition, there is a plateau near X=X 0 of zero. There are small errors, but the linear relationship can be accepted because the linear coefficients R 2 are all high. The volume=surface can be treated as decreasing linearly with X=X 0 during drying for each sample in our experiments, and this linear relationship confirmed the correctness of the calculation of the characteristic dimension d in Eq. (25) .
Moreover, the volume=surface d is clearly lower from a sawdust addition ratio of 2=8, especially at the beginning of drying. The decrease of the volume=surface d can be related to an enhancement of the surface area available for heat and mass transfer. From the results of the X-ray tomography, we found the volume and surface both increase with increased sawdust addition, but the surface increases more significantly than the volume. [39] However, the difference becomes smaller for increased drying times. At the end of drying, the values of the volume=surface d are near 0.001 m. It is worth mentioning that the value of the volume=surface after drying increases slightly from adding sawdust. For example, for the original sludge the value is 0.00093 m, and for the mixture of a mass ratio of 4=6 the value is 0.00104 m.
Determination of the Diffusion Coefficient Through
Modeling of the Drying Kinetics Figure 7 shows the variation in the internal diffusion coefficient with X=X 0 after introducing shrinkage in our modeling and simulation work. In each case, the diffusion coefficient decreases while the drying time increases. This dependency with the moisture content is well-known. [42] The results show that the diffusion coefficient of the original sludge is higher than for the mixtures at the beginning of drying and then becomes smaller during the course of drying. For the mixtures, the decrease of the diffusion coefficient rate is smaller for the high ratio of added sawdust.
Below the moisture content of 0.6, the trend is clear: the diffusion coefficients of sawdust=sludge mixtures increase with the added amount of sawdust. Moreover, the results show that the mixing step has a clear negative impact on the diffusion coefficient throughout the drying process.
In fact, the diffusion coefficient depends on the internal moisture content and compactness of the sample. When the internal moisture content increases or the sample bed becomes more compact, the diffusion coefficient increases. The moisture contents of the original sludge and mixed sludge are almost the same, but the mixed sludge becomes more compact, so the diffusion coefficient decreases. With more sawdust, the sample bed becomes less compact but the moisture content decreases. During the drying process, for all samples, the moisture content decreases and the sample bed becomes more compact because of the shrinkage effect. Moreover, the sample bed is less compact with increasing addition of sawdust. According to the results in Fig. 7 , the change of moisture content of a sample dominates in the beginning of drying, but then the compactness of the sample gradually plays an important role during drying.
D eff,avr is the average diffusion coefficient during the whole drying process and is calculated as follows:
A comparison of results of diffusion coefficients obtained with or without consideration of the shrinkage effect is presented in Table 6 . The diffusion coefficient changed from 7.77 Â 10 À9 m 2 =s for the original sludge to 7.01 Â 10 À9 m 2 =s for the mixed sludge and then increased to 8.35 Â 10 À9 m 2 =s for the mixture of a mass ratio of 4=6. These results are within the normally expected range of D eff (10 À11 to 10 À9 m 2 =s) [43] and they are similar to those results obtained in the case of sludge by Bennamoun et al. [5] and Reyes et al., [8] for mushrooms by Xanthopoulos et al., [44] for potatoes by Ruiz-Ló pez et al., [45] and for beads by Ambrożek et al. [46] As can be seen, the comparison presented in Table 6 confirmed that neglecting the shrinkage effect can produce erroneous results. This is reflected in two aspects: first, because the diffusion coefficient calculated without consideration of shrinkage was bigger than the value obtained when shrinkage was considered. Second, the diffusion coefficient obtained with consideration of shrinkage increases with increasing the addition of sawdust while it decreases without consideration of shrinkage.
Determination of the Mass Transfer Coefficient
The Biot number B i can be obtained by the analytical solution proposed by Eqs. (15)-(18) . Moreover, the volume=surface d and diffusion coefficient D eff were obtained. Thus, the convective mass transfer coefficient can be determined by using Eq. (23) . The variation in the mass transfer coefficient with normalized moisture content of different samples is shown in Fig. 8 . As can be seen, the convective mass transfer coefficient for the mixed sludge is smaller than for the original sludge. Moreover, the convective mass transfer coefficient increases with increasing the addition of sawdust during the whole drying process.
The average convective mass transfer coefficient h m,avr during the whole drying process is calculated as follows:
A comparison of results of mass transfer coefficients obtained with or without consideration of the shrinkage effect is presented in Table 7 . These results are similar to those results obtained by Bennamoun et al. [5] and Rahman and Kumar. [37] Moreover, the convective mass transfer coefficient changed from 9.70 Â 10 À8 m=s for the original sludge to 8.67 Â 10 À8 m=s for the mixed sludge and then increased to 12.09 Â 10 À8 m=s for the mixture of a mass ratio of 4=6.
As can be seen, the comparison presented in Table 7 confirmed that calculating the mass transfer coefficient without considering shrinkage can lead to erroneous results, where the value of the coefficient without consideration of shrinkage is bigger than the value obtained when shrinkage was considered. The average mass transfer coefficient increased with the increased sawdust addition, which confirmed that sawdust addition is beneficial to the sludge drying process and the mass transfer efficiency between the air and material increases.
CONCLUSIONS
The developed model allows determination of the internal diffusion coefficient and convective mass transfer coefficient of shrinking bodies is presented. Analytical The drying experiments of sludges and sawdust=sludge mixtures were performed. The drying rate of the mixed sludge was slower than the original sludge. Nevertheless, the sawdust addition showed a positive impact on the drying process from the mass ratio of 2=8, as the observed drying rate was higher than the original sludge. The change of the drying rate is because the total exchange surface decreased after the mixing step but increased with increasing the addition of sawdust.
Semi-theoretical and theoretical drying models, including Newton's model, Page's model, Henderson and Pabis' model, Logarithmic's model, and Wang and Singh's model, were used to fit the drying curves. Except for the Wang and Singh's model, the fitting results were all good. The correlation coefficients (R 2 ) were all high and near 1 and the reduced chi-squares (v 2 ), mean bias errors (MBE), and root mean square errors (RMSE) were all small. Newton's model was the most-adapted approach to compare the results with those of the diffusion model. Accordingly, it was used for modeling in this paper. The drying constants k, the parameter d, and other parameters related to the model were determined to calculate the internal diffusion coefficient and mass transfer coefficient. The results showed that these two coefficients increased with increasing the addition of sawdust. These results confirmed that adding sawdust is beneficial to the sludge drying process as the diffusion coefficient and mass transfer coefficient increased with increasing the addition of sawdust. Moreover, a comparison between two calculations, with and without considering shrinkage, showed that neglecting the shrinkage effect leads to an overestimation for the two coefficients for convective drying of sludges and sawdust=sludge mixtures.
Further studies can focus on the characterization of the pore texture of the dried sample in relation to the drying and further pyrolysis tests made using thermogravimetric analysis. The impact of sludge origin, including different types of applied treatment, can also be investigated. 
